Abstract: Substituted allyl and vinyl phosphonates have been prepared for the first time via intermolecular olefin cross-metathesis (CM) using 1,3-dimesityl-4,5-dihydro-imidazol-2-ylidene ruthenium alkylidene complex 3 in good yield. A variety of terminal olefins, styrenes, and geminally disubstituted olefins have been successfully employed in these reactions. In addition, CM of vinylphosphonates provide exclusive E olefin stereochemistry.
Olefins that contain phosphonate functionality are used extensively in synthetic organic chemistry. For example, allylic phosphonates are employed in the preparation of dienes and polyenes by Horner-Emmons olefination, providing products with improved stereoselectivity as compared to the corresponding phosphonium salts. 1 The reaction of organic halides with trialkyl phosphites (Michaelis-Arbuzov reaction) is used primarily for the synthesis of allylphosphonates. 2 However, elimination and/or loss of olefin stereochemical integrity are often competitive with product formation under the reaction conditions. Palladium-catalyzed cross-coupling of hydrogen phosphonates to conjugated dienes and allenes has also been developed, but requires high reaction temperatures and provides low regioselectivity in highly substituted phosphonate products. 3 Vinylphosphonates are important synthetic intermediates 4 and have been investigated as biologically active compounds. 5 Vinylphosphonates 6 have been used as intermediates in stereoselective synthesis of trisubstituted olefins 7 and in heterocycle synthesis. 8 The synthesis of vinylphosphonates has also been widely examined and a variety of non-catalytic approaches have been described in the literature. 9 Recent metal-catalyzed methods include palladium-catalyzed cross-coupling 10 and Heck coupling of aryldiazonium salts with vinyl phosphonates, 11 but are limited by the requirement of highly reactive functional groups in the substrates. Therefore, a more mild, general and stereoselective method for the synthesis of vinyl-and allylphosphonates using commercially available starting materials would be valuable, and may provide an additional degree of orthogonality to the previously reported syntheses. In this letter, the productive cross-metathesis (CM) of allyl and vinylphosphonates with a variety of terminal olefins in excellent yields and good stereoselectivities is described. 12 The olefin metathesis reaction 13 has become important in organic synthesis with the commercial availability of well-defined transition metal catalysts, such as the molybdenum alkoxy-imido alkylidene 1 14 and ruthenium benzylidene 2. 15 The preparation of olefins with vinylic functionality by olefin cross-metathesis 16 has recently been demonstrated using the highly active rutheniumbased olefin metathesis catalyst 3, containing a 1,3-dimesityl-4,5-dihydro-imidazol-2-ylidene ligand. 17 The homologation of olefins with a variety a,b-unsaturated carbonyl compounds, including esters, ketones, aldehydes, and amides with high (E)-stereoselectivity has been previously described. 18 In general, the catalyst 3 has also shown enhanced activity in ring-closing metathesis (RCM) 19 and ring-opening metathesis polymerization (ROMP). 20 Phosphorus-containing a,w-dienes, such as allylphosphonates and allylphosphoramides, have been utilized as RCM substrates by Hanson and co-workers using 2. 21 In addition, Gouverneur and co-workers have demonstrated the intramolecular RCM of allylic phosphine oxides, phosphinates, and phosphoboranes using 2 and an unsaturated analog of 3. 22 However, the intermolecular CM reactions of phosphonates have not been previously reported.
Olefins couple efficiently with diethylvinylphosphonate to generate a,b-unsaturated phosphonates in excellent yield using catalyst 3. Terminal olefins were reacted with commercially available diethyl vinylphosphonate and after column chromatography, a 95% yield of CM product was obtained exclusively as the E-isomer (Table 1 , Entry 1). Importantly, no dimerization of the vinylphosphonate was detected by 1 H NMR allowing for selective CM. Alkyl halide (Entry 2) and unprotected aldehyde functionalities (Entry 3) are well tolerated with the ruthenium catalyst 3. These reactive functional groups are generally used in allyl and vinylphosphonate synthesis, and CM provides a unique method to synthesize these compounds directly from olefins. Allyl benzene is an excellent partner for CM without olefin isomerization (Entry 4). Olefin isomerization of vinylphosphonates under basic reaction conditions has been previously described. 23 The participation of a variety of styrenes in the CM reaction with vinylphosphonates is also interesting to note. These results indicate a variety of styrenes are converted to (E)-cinnamylphosphonates in excellent yield (Table 1 , Entry 5). The CM method tolerates electronic and steric constraints in the styrene partner and allows for CM between two electron-deficient olefins. 24 Second, diethylallylphosphonate was investigated as a potential CM partner. It has been previously demonstrated that some allylic functional groups improve cross-coupling and disfavor homodimerization by creating an electronic mismatch. 16 As summarized in Table 2 , allylphosponates are viable CM partners, providing slightly enhanced CM ratios relative to the predicted statistical mixture. In addition, some challenging styrenes are excellent CM partners ( Table 2 , Entry 2 and 3) and provide the E-isomer exclusively. A trisubstituted olefin is also formed in excellent yield with modest stereoselectivity (Table 2, Entry 6). All of the reaction products were easily separated from their respective homodimers by column chromatography.
In conclusion, the cross-metathesis of a variety of terminal olefins with allyl and vinylphosphonates employing the ruthenium alkylidene 3 has been described. These findings further demonstrate the functional group tolerance of 3, expanding the range of olefins that can participate in the olefin metathesis reaction, and provide an efficient method to prepare vinyl and allylphosphonates in high yield and good stereoselectivity. This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. 
